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ABSTRACT

The present paper reports on a series of experiments performed to
determine the influence of chemical inhibitors and diluents. on the detonability
of fuel-air and fuel-oxygen mixtures. The influence of adding small amounts
(1-3%) of CF,Br, CF, and CO, to ethylene-air mixtures was determined by
performing large scale critical tube diameter tests. The results of these tests
show that the inhibition effect of CF,Br on detonations is not nearly as dramatic
as it is on flames. For detonations, the relatively chemically inert diluent CO,
is found to be a better inhibitor than CF3Br. Similar laboratory test with
ethylene-oxygen and hydrogen-oxygen mixtures confirm the results obtained for
fuel-air mixtures. In fact, the addition of small amounts of CF Br to these
fuel-oxygen mixtures has a small sensitizing effect, whereas the influence of CO,
is similar to that observed for fuel-air mixtures. The results are compared with
the prediction of a detailed chemical kinetic model for the oxidation and
inhibition processes. For CF;Br, it is found that a chemical kinetic scheme
derived from flame data predicts a detonation inhibiting effect much larger than
that observed. Possible modifications of this scheme to obtain a consistent
description of CF Br inhibition are proposed and discussed.






1. INTRODUCTION

_ Inhibition and extinction of hydrocarbon flames by additives are
practical problems which have been investigated for a number of years. Flame
inhibitors and suppressants are usually characterized by their reduction in
burning velocity and by the amount required to extinguish the flame. An
important class of chemical inhibitors are the halogenated compounds or Halons.
~These inhibitors interfere with the chemical reactions within the combustion
zone, so that small amounts can produce dramatic inhibition effects. It has been
observed, for example, that CF,Br (Halon 1301) {is about five times as effective
as C0,, on a volumetric basis, in reducing the laminar burning velocity of.
methane-air mixtures! and in extinguishfng_1aminaf methahe—air flames2. However,
the effectiveness of Halons 1in suppressing more violent explosions has not been
clarified. Hertzberg® has reported that the effect of added CF4Br on
stoichiometric methane-air explosions depends on the ignition energy.
Furthermore, the inhibition appears to be effective only in the initial stages of
confined explosions. According to Hertzberg et al.“, once the confined explosion
has developed beyond the initial stages the inhibitor is rendered ineffective
either by the compression process or by the onset of turbulent propagation. It
has therefore not been demonstrated"thatuhalogenated compounds are effective for
mitigation of the more severe explosions hazards involving turbulent flame
acceleration, confined‘explosions and transition to detonation.

The potentially most destructive explosions are those 1nvo1vfng
detonation. The detonation hazards of an explosive mixture can be characterized
by the critical energy, Ec, required to initiate detonation in the mixture and
the critical tube diameter, d;, required for a detonation emerging from a tube
to transmit to an unconfined detonation. Matsui and Lee5 have proposed that
either E. or d. can be used to assess the relative sensitivity of explosive
mixtures to detonation. Both the critical initiation energy and the critical
tube diameter depend on the nature of the cellular detonation structure and on
the detailed chemical kinetic processes within the cellular detonation front.
Chemical additives, such as halogenated species, interfere with these chemical
kinetic processes and would therefore be expected to affect both the detonability
" properties and the cellular structure of detonations.



The addition of halogenated species has been shown to increase
significantly the chemical induction time in some fuel-oxygen mixtures®. In
general, longer induction times correspond to less detonable mixtures. Thus, if
similar increases also occur for practical fuel-air mixtures, halogenated species
could have an important role in reducing the detonation hazards of these
mixtures.

A few experiments have been reported in which the influence of chemical
inhibitors on detonations have been determined. In particular, Libouton et al.?
have shown that the addition of small amounts (2%) of CF4Br to CO/H,/0,/Ar
mixtures increases the detonation cell size by about a factor of two. For
H,/0,/Ar mixtures, however, the addition of CF3Bh‘suppresses the regularity of
the cellular structure without modifying the cell size very much. This latter
result is consistent with the observation of Macek® that the addition of CFBr to
H,/0, mixtures has a s1ight sensitizing effect on the initiation of detonation.
The critical initfation energy (E.) is reduced from 10.5 Joules to 8.3 Joules
when 2% CF,Br {s added to the Hzlo2 mixture. For fuel-air mixtures the situation
is even more unclear. The only experimental result which has been reported is
the observation by Bul1? that addition of CF,Br to methane-air appears to have a
sensftizing rather than an'inhibiting effect. Numerical calculations based on
detailed chemical kinetic schemes for hydrocarbon oxidationl0 and for inhibition
by halogenated species!! have been performed for selected fuel-air mixtures.
These calculations predict a fairly dramatic inhibiting effect. With only 1%
CF,Br added to a ethylene-air mixture, for example, the characteristic reaction
zone length was predicted to increase by more than a factor of two. The
numerical predictions are sensitive to the chemical kinetic rates which are used
for the individual reactions. In many cases these are not well known, so that
selected experimental results are required in order to validate or to determine -
the 1imitations of the chemical kinetic scheme. | '

The present paper reports on an investigation of the influence of
chemical inhibitors and diluents on the critical tube diameter for ethylene-air
mixtures, and for hydrogen- and ethylene- oxygen mixtures. The investigations




were focussed on the influence of the common halogenated inhibitor CF,Br (Halon
1301) and the relatively inert additive CO,. Selected results for other
additives are also reported. Correlations of the experimental results using a
 modified chemical kinetic scheme are described. In addition, the purely thermal
effects of the added compounds on the detonation sensitivity are calculated.

2. EXPERIMENTAL DETAILS

a) Large Scale Field Tests

The experimental test facility at DRES has been described in detail
elsewhere 12,13, The facility fs centered around an 18.3 m x 7.6 m concreté test
‘pad onto which the experimental apparatus can be mounted. A sketch of the
configuration used in the present tests is shown in Fig. la. .The test section
consists of a 0.89 m diameter steel tube, 8 m long, connected to a 1.78 m
diameter plastic bag, 3.4-5 m long, constructed from 0.13 mm thick polyethylene.

The test fuel (CP grade, 99.5% pure ethylene) was first mixed with
the initial air in the test volume by a multi-path recirculation system using a
high-capacity centrifugal blower. The composition and mixture homogeniety in the
test volume were verified by continuously ana1yzing samples from two ports in the
test section using a "Wilks Miran 80" infrared gas analyzer. This system was
adequate to guarantee the fuel concentration and fuel-air homogeniety in the test
volume to within £0.05% fuel. Once the desired fuel-air concentration had been
achieved, a precalibrated volume of halogenated compounds (CFjBr or CF,) or co,,
contained in one or two high pressure bottles, was added to the test section.
The main uncertainty in additive concentration is due to uncertainty in the
volume of the test section. This uncertainty is less than 10%. Homogeniety of
the resulting mixture was achieved by recirculating the mixture at least five
times through the system prior to initiation of detonation by a slug of
acetylene-oxygen at one end of the tube.

The progress of the detonation and the detonation pressure profiles were
monitored at up to seven positions along the tube-bag configuration using
piezoelectric pressure transducers. Cinematographic records of the diffraction
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of the detonation wave from the tube were obtained using a "Hycam" camera
(~12,000 half fps) looking normal to the direction of propagation. Smoked foils,
consisting of polished steel sheets covered with a thin layer of carbon soot,
were mounted in the tube near the exit to the bag to record the detonation
structure.

b) Laboratory Tests

‘ The laboratory tests were performed in a detonation tubes opening up

into a larger detonation chamber simulating an unconfined environment. A sketch
of the configurations used {n the present experiments is shown in Fig 1b. The
25 mm and 40 mm diameter tubes were used to determine the influence of small
amounts (5%) of ha]ogenated_;ompounds (CH Br, CH,C1 and CF,Br), as well as CO,,
on the critical initial pressure for successful transmission of detonations in
stoichiometric H,/0, mixtures from the tube into the larger chamber. The
influence of 5% CF,Br qﬁ'the transmission properties of detonations in C,H,/0,
mixtures of equivalence ratios 0.8, 1.0 and 1.5 was determined using the 50 mm
diameter tube.

A1l mixtures were prepared by the method of part1a1 pressures. Spark or
exploding wire ignition along with a Shchelkhin spiral was used to ensure
consistent detonation fnitiation. The dignostics in the tube consisted of two
ion probes and one piezoelectric pressure transducer to monitor the detonation
velocity and pressure. The detonation cellular structure was also recorded in
selected tests by placing a smoked foil near the exit end of the tube. Success
or failure of detonation transmission was determined by monitoring the velocity
between the pressure transducer near the exit to the detonation chamber and a
piezoelectric pressdre transducer mounted on the end wall of the detonation:
chamber.

3. MODELS AND CORRELATIONS

One of the aims of the experimental investigation was to provide
critical tests for a chemical kinetic model which has been proposed for the
inhibition of detonation by halogenated additives. This model, which has been
described in detail elsewhere 10,11 makes use of the one-dimensional Zeldovich-




von Neumann-Ddring model of the detonation wave in order to calculate the
relative detonation length scales (i.e., the critical tube diameter dc; the

cell width S; and the critical explosion length (E¢/po)l/3, where Ec 1s the
critical initiation energy and p, the initial pressure) with and without
additives. An induction length characteristic of the explosive mixture {s given
by Ao = tu, where t is the chemical induction time behind the shock wave
propagating at C-J velocity and u 1s the post-shock particle velocity relative to
the shock front. The detonation length scales are then assumed to be
proportional to this induction zone length. The induction time 1, defined as the
time of maximum rate of temperature increase, is calculated using detailed models
of -the chemical reaction mechanisms behind the shock wave. Extenstive
calculations on the chemical kinetics of gaseous detonations have' been performed
using this approachl®,14.15, By adding the chemical processes describing the
reactions of the additive molecules, the induction zone length with additives can
also be calculated. A detailed chemical kinetio modelvdescribing the {inhibition
of hydrocarbon oxidation by halogenated compounds has previously been used to
predict the variation in induction zone length for ethylene-air when small
amounts of these compounds are added to the mixture11 ~ In this paper, the same
reaction scheme is used to calculate the 1nduction zone length without additives
" (ag) and with additives (a) at a given fuel-oxidizer equivalence ratio. The
ratio of detonation length scales with and without inhibitor 1s then assumed to
be equal to A/Ay at that equivaIence”ratio. This 1s similar to the approaeh
used by Lee et al.16 to calculate the variation of detonation cell size for
hydrogen-air with added CO,. r

The most extensive chemical kinetic calculations are performed for
etherne-air, and for ethylene and hydrogen in oxygen, with added CF,Br and CO,.
In addition, calculations are performed for the CO/HZ/OZ/Ar system with added
CF,Br investigated by Libouton et al.7. The chemical‘kinetic reaction schemes
proposed in Refs. 10, 11, 14 and 15 are used for these ca]cu1ation$.. However, it
was found necessary to adjust some of the inhibition reaction rates for CF Br in
order to obtain agreement with the present experimental results. This adjustment
will be described in the next section. |



The change in detonation sensitivity when compounds are added to fuel-
oxidizer mixtures is due to a combination of chemical and thermal effects. The
thermal effects are caused by changes in C-J velocity and post-shock
thermodynamic conditions. Depending on the thermodynamic properties of the

~additive, the thermal effects alone can lead to significant changes in detonation
sensitivity. The change in thermodynamic conditions can be obtained by including
the additive in standard equilibrium C-J and shock calculations!?. The length
scale corresponding to these modified conditions can then be calculated using a
global induction length formula for the length scale without additives.

Global induction Tength formula for many fuel-air systems have been
reported by Moen et al.18, They have correlated the length scale data by using
an induction length formula of the form; :

L = uk [Fuel]® {Oxygen]® exp(E /RT), (1)

" where L is the critical tube diameter, cell size or the critical explosion
length, and u, [Fuel], [Oxygen] and T are the post-shock relative particle
velocity (m/s), fuel and qugen"cdncentrations (moles/11ter), and temperature (K)
behind a shock wave pr0pa§at1ng at the C-J detonation velqcity‘of'the»explosive
mixture. The relevant cofre]ation parameters for ethyfene and hydrogen in air
are givenyin Table I. These correlation parameters are used to calculate the
purely thermal effect of additives on the detonation sensitivity of these
mixtures.

4. RESULTS

a) Fuel-air Mixtures

The critical tube diameter results for the ethylene-air system with
added CFaBr,,CF“ and CO, are summarized in Fig. 2. The uncertainity in ¢ for
each mixture represents Go ahd.No-Go results for the 0.89 m'diameter.tube. These
results should be compared with the reference curve, which represents a
correlation of critica) tube diameter results with no additivesl8. The results
with added CFaBE show_that the dramatic inhibiting effect predicted by



Westbrookll 1s not observed. In fact, the inhibiting effect of CF,Br on
ethylene-air detonations is less than that of CO,. The relative inhibiting
effects for detonations are therefore quite different than for l1aminar flames,
where CF Br is found to be five times as effective as C0,!,2.

Although the inhibition effects of CF,Br are not as dramatic as
~ predicted, there is some inhibition. This inhibition must be due to chemical
interference with the oxidation proceSs since, as shown in Fig. 2, a purely
thermal calculation predicts a sensitizing effect. A sensitivity analysis of the
inhibitor mechanism proposed in Ref. 11, vanytng only the reaction rates
involving the inhfbitor chemistry, shows that only one reaction has a dramatic
effect on the overall induction length. This reaction is:

CF;Br + H = CF, + HBr. (2)
The predictions by Westbrookll! shown in Fig. 2 are based on the rate for this
reaction obtained by Biordi et al.19 from flame data. In order to obtain
reasonable agreement with the present experimental results, this rate must be
decreased by a factor of ten. The revised predictions for 3% CF4Br, with this
decreased rate, are also shown in Fig. 2.

The Go-NoGo results with 1.5% CF, are consistent with no effect at all,
in agreement with the observations of Libouton et al.” for the CO/H,/0,/Ar and:
H,/0,/Ar systems. Any inhibiting influence of CF, must be chemical in nature,
since purely thermal effects result in a slight decrease in-the critical tube
diameter (i.e., a sensitizing influence).

0f the three additives tested, CO, is the most effective in reducing the
detonation hazards of ethylene-air. The addition of 3% CO, increase the critical
tube diameter by about 1.5, corresponding to an increase in the critical
initiation energy by a factor of about (1.5)3 = 3.4. Similar inhibitfon of
hydrogen-air mixtures by CO, were obtained by Lee et al.16. The influence of
added 3% CO, on lean ethylene-air mixtures is correctly predicted by either the
chemical kinetic model or from thermal effects along, indicating that CO, is a
relatively chemically inert additive whose effect on the detonation sensitivity
can be estimated from thermodynamic considerations.




b) Fuel-Oxygen Mixtures

The relative influence of CF.Br and CO, on the detonation sensitivity is
even more dramatic for fuel-oxygen mixtures. The experimental results which are
summarized in Fig. 3 show that the addition of 5% CF Br to stoichiometric H,/0,,
and stoichiometric and lean C,H,/0,, actually reduces the critical initial
pressure for transmission from tubes. In other words, CF,Br acts as a sensitizer
rather than an inhibitor for these mixtures. This is consistent with the
" observation by Macek® that the critical initiation energy for H,/0, is reduced
when small amounts of CF,Br ts added. The effect of added CO, is similar to that
for fuel-air mixtures. The critical tube diameter increases by 30-50% when 5%
C0, is added. (

The curves shown in Fig. 3 are obtained from the detailed chemical
kinetic model of the oxidation and inhibition processes. By normalizing at one
experimental point for each fuel-oxygen mixture without additive, the variation
of the critical tube diameter with initial pressure and with additives {s
predicted. As can be seen in Fig. 3a, the predicted variation with initial
pressure is in good agreement with the experimental results of Matsui and LeeS.
- The observed inhibiting effect of CO, is also correctly reproduced for
stofchiometic C,H,/0,. However, for H,/0, the effect of CO, is underestimated.

For ethylene-air mixtures, it was necessary to reduce the rate for the
reaction CF,Br + H = CF, + HBr by'a factor of ten in order to account for the
observed effect of CF;Br. The same reduction in rate fs also necessary to
account for the observed sensitizing effect of CFBr on H,/0, and C,H,/0,
mixtures. With the original rate, an inhibiting effect on H,/0, and C,H, /0, 1s
predicted by the chemical kinetic model. The curves shown in Fig. 3 for 5%
CF,Br, which were obtained with the reduced raté, account quite well for the
“observed sensitizing effect on H,/0, and C,H,/0,. However, the model fails to
account for the small inhibition observed for rich C,H,/0,. This 1s further
i1lustrated in Fig. 4, where the variation in critical pressure for a 50 mm tube
is plotted vs. C,H, /0, equivalence ratio with no additives and with 5% CFBr.
Notice that the added CF,Br changes from a sensitizer at stoichiometric
composition to a slight inhibitor at an equivalence ratio of 1.5. Both the
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chemical kinetic model and a thermal effects model predict a sensitizing effect
for all of these C,H, /0, compositions. The thermal effects model is based on the
induction length correlation for ethylene-air with an activation energy of 37.2
kcal/mole. A different activation energy would change the effect. However, the
temperature behind the C-J shock increases when CF,Br is added so that a "
sensitizing influence is obtained for all activation energies.

Based on the chemical kinetic model, the influence of CF,Br on
~acetylene/oxygen and ethane/oxygen is predicted to be similar that for C,H,/0,.
However, a fairly dramatic inhibition effect is predicted for methane/oxygen
mixtures. With 5% CF,Br, the critical tube diameter for methane/oxygen 1s
predicted to increase by a factor of 2.1.

In addition to CF3Br and CO,, the influence of CH,Br and CH,C1 on
stoichiometric H,/0, detonations was determined by monitoring the critical
initial pressure for transmission from a 40 mm tube. The results are shown in
Table II. Of the four added compounds, €O, 1s by far the most effectfve
inhibitor for this mixture. The order of inhibition effectiveness by the
halogenated compounds 1s exactly the reverse of that predicted in Ref. 11 based
on chemical kinetic considerations. A better understanding of the |
inhibition/sensitizing mechanisms of these compounds on detonations is clearly
required. One aspect, which the chemical kinetic model cannot account for is the
increased irregularity of the cellular structure observed when these compounds
are added to the H2/02 mixture. It may, in fact, be necessary to take this
increased irregularity into account in order to describe the
inhibition/sensitizing mechanisms. The possible role of the cellular structure
on these mechanisms will be discussed further in the next section.

5. DISCUSSION

The present results clearly show that CF,Br is not_nearly as effective
an inhibitor for detonations as it is for laminar flames. In fact, for all the
mixtures tested CO, is a much better detonation inhibitor. The dramatic
inhibition of detonations predicted based on inhibition rates derived from flame
data is not observed. A reduction by a factor of ten in the rate for
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CF,Br + H = CF; + HBr 1s required in order to obtain reasonable agreement with

the present fuel-air or fuel-oxygen results. A possible reason for the lTower

rate could be the neglect of the 1mpbrtance of the reaction with the methyl

radicals (CF Br + CH; = CF; + CH,Br) by Biordi et al.!? in their flame analysis.

They would therefore arrive at too large a rate for the reaction of H atoms with

CF,Br. It is also important to note that the flame results with added CF,Br .
reported in Ref. 11 and 20 were not affected by reducing the rate for CF.Br + H =

CF, + HBr by a factor of ten. A relatively consistent description of CF Br

inhibition of hydrocarbon oxidation can therefore be achieved with this reduced

rate.

Unfortunately, the reduced rate does not agree with either the
detonation or flame results for the CO/H,/0,/Ar system investigated by Libouton
et al.7 and Safieh et al.2l. The latter authors obtain approximately the same
rate as Biordi et al.18 for the reaction of H with CFBr from flame analysis of
this system which does not involve the methyl radical (CH3). Furthermore, the
increase 1n cell size with added CF,Br observed by Libouton et al.7 is consistent
with the original rate. No influence of CF ,Br is obtained with the reduced
rate.

The main differences between the hydrocarbon/oxygen systems and the
CO/H,/0,/Ar system are the concentrations of H,0,0H and CH, during the induction
period. Thus, if the failure of the chemical kinetic model is due the chemical
inhibition scheme, the proposed reactions involving these radicals with CF Br are
11kely responsible for the failure. Note that no reactions with 0 or OH are
included in the proposed scheme!l,20, Possible modifications of the inhibition
scheme to account for the observed discrepancies are now being studied. The
results of this study will be included in the final paper. ‘

In

An alternate explanation for the failure of the chemical kinetic model
could be related to the simplifying assumption that the physical detonation ‘
length scales are linearly related to the induction zone length calculated at C-J
conditions from a one-dimensional model of the detonation. Chemical kinetic
models based on this assumption have been relatively successful in correlating
detonation length scales for sensitive mixtures 10,14,15, However; these
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correlations fail to account for the behavior of less sensitive fuel-air
mixturesl2. It has been suggested that this failure 1s related to increased
frregularity of the cellular structure for fuel-air mixturesi®. The cellular
structure of detonations also degeherates when small amounts of CF,Br are added.
This increased irregularity could account for the failure of the chemical kinetic
model to consistently describe the effect of adding CF,Br. It may therefore be
necessary to include at least some aspects of the coupling between chemistry and
gasdynamics within the cellular detonation front. In other words, a detailed
model of the chemical processses is not sdfficient, the influence of these .
processes on the structure of the detonation must also be taken into account in
order to properly describe the influence of chemical additives on detonations.
Such considerations are outside the scope of the present paper.

7. CONCLUSION

The results from the large scale critical tube diameter tests show that
the common halogenated flame inhibitor CFiBr is not as effective as CO, in
reducing the detonation hazards of ethylene-air mixtures. These results are
supported by simflar results obtained with fuel-oxygen mixtures. For the latter
mixtures, CFéBr acts as a detonation sénsitizer rather than an inhibitor.

From a practical point of view, these results show that the
effectiveness of chemical inhibitors depends on the nature of the combustion
proccesses. Results obtained for laminar flames .do not necessarily apply to
other types of explosions. It is therefore important to first identify the type
of explosion hazard, and then to test the effectiveness of varfous inhibitors for
this type explosion hazard before choosing a fire or explosion suppressant.

Chemical kinetic models of the inhibition processes can be useful tools
for predicting the effectiveness of different chemical additives. However,
selected experimental results are required to validate the inhibition schemes.
The present results show that the inhibition of detonations by CF,Br predicted
from a simplified one-dimensional model of the detonation, using a chemical
kinetic model of the inhibition processes derived from flame data, is not
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- observed. A relatively consistent scheme of CF,Br inhibition of hydrocarbon
flames and detonations can be obtained by reducing the rate for the process
CF,Br + H = CF; + HBr. However, this reduced rate does not agree with detonation
or flame results for the CO/H,/0,/Ar system with added CF;Br. Further
modifications of the inhibition scheme are therefore required in order to obtain
a consistent description of all available experimental results. It is also
possible that the failure of the chemical kinetic model is not due to the
chemistry of the inhibition but to the simple one-dimensional model which s used
to relate the chemistry to the detonation properties.
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Figure 1 a)
b)

Figure 2

Figure 3

a)
b)

Figure 4

Sketch of the large scale experimental configuration.
Sketch of the laboratory experimental configurations. The dimensions

of the different configurations are given in the table inset.

Critical tube diameter for ethylene-air with additives.
(2 additive refers to % of total mixture).

Critical tube diameter vs. initial pressure for H,/0, and C,H,/0,
mixtures with and without additives (% additive refers to % of total
mixture). The curves are obtained from the chemical kinetic model.
The results of Matsui and Lee (Ref. 5) are without additives.
Stoichiometric H,/0, and C,H, /0, '

C,H,/0,, ¢ = 0.8 and 1.5.

Critical initial pressure for transmission from a 50 mm diameter tube
vs. C,H, /0, equivalence ra;io. (The solid curves are drawn through
the experimental results).
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TABLE |

LENGTH SCALE CORRELATlON FORMULAS
L= uk [Fuell* [Oxygen}* exp (E./RT)*

FUEL IN AIR LENGTH SCALE a,b k x 10 E. (Kcal/mole)

ETHYLENE CRITICAL TUBE 0,-1.0  5.65 ‘372

HYDROGEN CRITICAL TUBE 1 0.-1.0 5.58 3.7
'CELL WIDTH | 0.-10 295 32.6

* UNITS: Concentrations, [Fuel] and [Oxygen], in moles/litre and velocity, u, in m/sec.




TABLE 1l

18.

2 H, + O, + ADDITIVE; TUBE DIAMETER 40 mm

CRITICAL INITIAL

LENGTH SCALE

ADDITIVE PRESSURE (torr) RATIO
0% 73 £ 17 1.0
6% CF,Br 328 + 28 0.8
5% CH,Br 448 + 33 1.14
6% CH,C 483 + 28 1.23
6% CO, 595 + 3% 1.64
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CRITICAL TUBE DIAMETER, dc {m)

21.
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CRITICAL TUBE DIAMETER, dc {mm)
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CRITICAL TUBE DIAMETER, dc (mm)
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CRITICAL VITAL PRESSURE, Po (torr}

140 ® No Additive
A 3% CF,Br :
— — — 3% CF,Br; CHEMICAL KINETIC ‘MODEL
— -— 3% CF, Br; THERMAL EFFECT
130
120 4
110
100+
m -
w -
n T T | T T v T |
0.6 0.8 0.9 1.0 1.1 1.2 13 14 15

i 74

EQUIVALENCE RATIO, ¢

FIGURE 4



